Introduction
Transparent conducting oxides (TCO) are becoming increasingly important as critical components of a variety of thin film technologies such as smart windows, flat panel display and solar cells. This is mainly due to the coexistence of both high transparency to light in the visible region and high conductivity, with values comparable to those of metals. In particular thin film solar cells have shown high market growth (30% per year) in recent years and will continue playing an important role in minimising the cost of photovoltaic power generation. Two of the most important thin film technologies, namely a-Si and CdTe solar cells, use a TCO as the first layer in the stack. In order to be implemented in a solar cell, a TCO should be highly transparent in the visible range (transmittance 80%), and highly conductive (R sh 10 /□). [1, 2] Moreover, in order to be implemented in a large scale production, the material of the TCO should be abundant, low cost and, if possible, environmental friendly. Among the different TCOs available, fluorinated tin oxide (SnO 2 :F or FTO) can fulfil most of these requirements. In fact tin oxide is a transparent conductive oxide even in its undoped state. The conductivity is due to an intrinsic non-stoichiometry, created by the presence of oxygen vacancies (V o ) and interstitial tin (Sn i ) inside the structure, which are easily tolerated due to the multivalence of tin [3, 4] . Spontaneous acceptor-like intrinsic defects, like interstitial oxygen or tin vacancies are absent, therefore the electrons released by the V o or Sn i are not compensated.
Transparency, instead, is a consequence of the large gap between the top of the valence band and the first unoccupied state, so that direct optical transitions in the visible range are not allowed. In this way, it is possible to have a simultaneous high carrier concentration with minor effects on transparency [3] .
However, in order to further improve the conductivity, tin oxide is generally doped, either with Sb or F [5] [6] [7] as substitutes for tin and oxygen respectively. Due to differences in the valence state and in hybrid orbital configuration in both cases a free electron is released if one of these two doping atoms is
present. However, F is normally preferred to Sb because, at high doping concentration, a reduction in the mobility and lower transparency has been observed for Sb doped films. [6] [7] [8] . For these reasons FTO is a widely used TCO in both CdTe and amorphous silicon based solar cells [1] . The best commercial FTO (Ashai U-type) shows a transparency of 80% in the visible range and a resistivity of 1.4 10 -5 cm [2] . Although extensively used in research laboratories, this product is not yet ready for a large scale industrial application [2] . Therefore, deposition of FTO is still being studied in order to achieve good quality and low cost.
On a laboratory scale, SnO 2 -based films are grown with wide range of deposition techniques such as sputtering, sol-gel, and various chemical vapour deposition (CVD) techniques [9, 10] . For the TCO growth in the photovoltaic sector only sputtering and CVD variants (in particular plasma enhanced CDV) are in widespread use due to their cost efficiency and scalability. It is well known that widespread use of solar cells will only be possible if abundant, non-toxic materials are used and if a fast, inexpensive and scalable technique is available for the deposition. Spray pyrolysis could fulfil these requirements, providing films with optical and electrical properties comparable with those grown by the more expensive vacuum deposition techniques currently used. [11] [12] [13] [14] For a long time CBrF 3 has been used as F source for CVD. However this is a greenhouse gas which has been gradually phased out from the market [15] . Thus an alternative fluorine source is needed. For this reason either HF or NH 4 F have been often reported as F source in spray pyrolysis and other CVD techniques [6, 7, 16] . However both of them are classified as toxic.
In this work an attempt has been made to find an alternative, non-toxic precursors to grow SnO 2 :F with performances comparable to those of films prepared with the conventional precursors. For this purpose benzenesulfonyl fluoride (BSF) has been tested as F source. Electrical and optical properties of the films have been compared to those of samples grown using NH 4 F, to a commercial SnO 2 :F A C C E P T E D M A N U S C R I P T
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(Solaronix Switzerland) which will be addressed as REF-1 from here after, and also to a sample grown by spray pyrolysis provided by an independent group which will be addressed as REF-2 [13] .
Experimental details
Samples have been grown by spray pyrolysis, using a compressed gas spray system in a custom build chamber using a fast responsive AlN heater. Details of the system are described elsewhere [17] .
As with any CVD technique actual growth rates or dopant incorporation rates crucially depend on substrate temperature, precursor concentration and in case of spray pyrolysis also the solvent [11, 17] . For DBTDA and SnCl 4 ·5H 2 O a 0.1M solution has been prepared using methanol or ethanol as solvent. It was experimentally verified that film quality was not affected by the choice of either one of the two solvents. Methanol is less expensive, however ethanol is not toxic. The deposition temperature was screened over a range spreading from 420ºC to 500ºC in steps of 10ºC for each precursor. Best performing samples have been grown using SnCl 4 ·5H 2 O at 480ºC. When DBTDA was used, the nozzle was allowed to scan laterally in order to improve the homogeneity of the deposition. The scanning amplitude was restricted to ± 0.02 m. Moreover when SnCl 4 ·5H 2 O was used as a Sn source, discontinuous growth provided better samples: in this case, every 2 minutes, the spraying was switched off and the sample was annealed for 2 minutes. However the overall time of spraying, and thus the amount of material used for the deposition, was the same as in the continuous growths. Deposition time
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6 was set to 10 minutes. Due to different precursors used as tin source, thickness values range from 500
to 700 nm, with higher growth rate for tin chloride. The thickness of each sample was measured optically after the growth (see below).
Microscope glass slides (Fisher brand, thickness 0.8-1 mm) or cover slips (Roth, thickness 0.17 mm)
were used as substrates. The actual composition of each sample was investigated by X-ray photoelectron spectroscopy (XPS) using an Omicron MultiprobeXP system (Mg X-ray source, E125
Analyser). Samples have been cleaned in-situ using 5min of Ar ion sputtering at 3×10 -4 Pa, 1.5 kV beam energy and an ion target current of 6μA using an Omicron ISE 5 cold cathode ion sputter source.
Experimental data were analyzed using the CasaXPS software.
Optical properties were investigated by UV-Vis spectrophotometry and spectroscopic ellipsometry (SE). In the former case a Cary 50 UV-Vis-NIR-spectrophotometer equipped with a Xenon lamp was used. For the SE analysis, a SOPRA GESP 5 Variable Angle spectroscopic ellipsometer was used in the energy range from 1.5 to 5 eV, at three different angles of incidence ( = 55°, 60°, 65°). Multiple angles measurements are required in order to decouple the correlation between the refractive index (n) and the thickness of the sample (d). Experimental data were fitted using a multilayer model consisting of air, a rough surface area, the thin film and glass. The line-shape of the dielectric function of the film was reconstructing using a three dimensional critical point [18] . The parameters associated with it (amplitude of the critical point, the threshold energy, the broadening and the excitonic phase angle) as well as the thickness of the sample were introduce as a variable, whose values were optimized via an iterative fitting procedure with respect to the raw ellipsometric data at multiple angles. To further confirm the validity of the data acquired in this way, transmission measurements were analysed, using database refractive indices for FTO. The thickness values determined via the ellipsometric model and via spectrophotometry coincide within the experimental error (±20 nm).
7 Electrical properties were investigated in standard 4 point probe square geometry. Due to the previously mentioned differences in the growth rates for different precursors, film thickness varied between samples. Therefore we are going to compare resistivity values, not the sheet resistance using the optically determined thickness value of each sample. Selected samples were also subjected to Hall measurement in order to determine both mobility and bulk carrier density. Colloidal silver paint was used to provide ohmic contacts. The same system was used to investigate the dependence of the sheet resistance on temperature in a range from 70 to 300 K, allowing the determination of the activation energy for the carriers.
Results and Discussion
In order to confirm that the alternative precursor does not alter the optical properties of the FTO films, the line shape of the dielectric function and the optical band gap were determined by Burnstein-Moss effect. Nevertheless differences in specular transmission could be found even for sample grown using the same fluorine source, due to different scattering loss (haze). Haze turns out to be caused by the roughness at the surface, whose value depends on both the precursor used as tin source and deposition temperature. In particular chloride introduces more roughness with respect to DBTDA.
Best room temperature resistivities for samples grown using NH 4 F as fluorine source were found to [19, 20] .
In the main experiment, the alternative fluorine source (BSF) was tested. In this case a screening of different temperature and ratio Sn:F has been carried out, but, again, only representative samples will be presented. Taking into consideration the resistivity, the best condition for the deposition was found to be 480ºC with a Sn:F ratio of 50:50. In this condition a minimum resistivity of 4. . This suggests that more than one type of carrier contributes to the overall conductance and there is still a large contribution of these intrinsic carriers to the measured total conductance. The temperature, at which this transition occurs (here defined as a change in slope), is a function of BSF concentration ( Figure 5 ). When the nominal atomic ratio Sn:F is 1, incorporation is good enough to lead to a metallic behaviour almost in the whole range of temperature. As the nominal concentration of fluorine decreases, the transition temperature shifts to higher values.
Samples grown using the alternative precursors show a lower carrier concentration compared to all the other samples (Table 1) . However, the mobility of the carriers is comparable to those found for
REF-1 and REF-2 and it is much higher than in samples grown using NH 4 F as precursor. At present it
is not clear, whether the lower carrier concentration in BSF grown films is related to a lower efficiency in the decomposition process of BSF itself or is due to a lower incorporation rate of the fluorine atoms or alternative fluorine could be partly passivated by compensating defects introduced by C, S, or H also present in the precursor. However as the measured fluorine concentration scales well with measured carrier concentration (see inset Figure 2 ), a lower incorporation rate is more likely.
Several scattering mechanisms might influence the mobility of the carriers [6] [7] [8] . Among them, the key mechanisms are scattering due to neutral impurities, due to ionized impurities, due to phonon and
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10 scattering at grain boundaries. Each of these single mechanisms contributes to the total mobility of the carriers; however, the extent of the contribution can be considerably different and might be confined only to specific temperature region. For example, in a heavily doped semiconductor contribution of neutral impurities can be neglected taking into consideration that even at rather low temperature (77K) their concentration is really low as most of impurities are fully ionized [8] .
In the case of non degenerated semiconductors where carriers are scattered by ionized impurities, mobility depends on temperature as T 3/2 . For degenerate semiconductors, instead, mobility is independent of temperature and it can be calculated according to the Brooks-Herring formula:
Being m* the reduced mass whose value was takes as 0.3m, m the electron mass, e is the electron charge, ε the absolute dielectric permittivity, E F the Fermi level, N i the density of scattering centres which is taken equal to the number of carriers and f(x) a function of the screen radius r s as follows:
where ħ is the Planck constant.
Optical phonons are energetic modes therefore their contribution to scattering of electrons at room temperature can be neglected [22] . Scattering due to acoustical phonons will be characterized by a dependence of carriers mobility on temperature as AT -3/2 according to the following equation: [7, 8] .
However determining the mobility value by using this formula is not possible as, currently no data are available for the value of the elastic constant for longitudinal waves C ii and for the volume expansion coefficient
Mobility limitation due to grain boundaries can be determined according to the following equation:
Where E a is the activation energy and l is the grain size. It is worth noting that all of these formulas are valid under the assumption that a single type of carrier is present. This is not the case for the fluorinated tin oxide. In fact, as previously reported, the undoped samples are already conductive and therefore more than one type of defects can be the source of conductivity in doped samples.
For samples grown using BSF, the commercial and the independent samples, the principal scattering mechanism is due to acoustical phonons in the temperature range of 300-150K and ionized impurities for temperature lower than 150K. This conclusion has been drawn by taking into consideration the dependence of the mobility as a function of temperature (Figure 6 and 7) . A linear dependence of mobility vs. T -3/2 is present down to a temperature of 200K ( Figure 7 , equation (5)). Therefore it can be argued that the principal scattering mechanism in this temperature range is due to phonons. Below this value the mobility becomes independent of the temperature down to a value of 70K, meaning that phonons are frozen in and ionized impurities represent the principle scattering mechanism in this region ( Figure 6 , equation (1)). Either way, both mechanisms are intrinsic to the material itself and cannot be suppressed. This means that the only way to improve the material conductivity is by increasing the carrier concentration. However, this is not recommended for the samples provided by the independent laboratory and the commercial one, as increasing the carrier density would push up the Drude tail in the visible range, thus compromising the optical properties of the materials. In other words, once the optimum carrier concentration is reached and the scattering mechanisms are only intrinsic, improving the material is not possible any longer.
Samples grown employing NH 4 F show a much lower mobility compared to BSF grown samples but the overall shape of the curve is consistent with the previous picture (see also Table 1 ). This means that again phonons play an important role up to 200 K while below this temperature, ionized impurities become relevant. In this case, in order to account for the lower mobility, a third mechanism has also to be considered: grain boundary. As stated before, grain boundaries are not an intrinsic limitation to the mobility, therefore there are prospects for improving the electrical properties. One possible avenue for this is a post growth annealing, which was shown to improve the material performance [23] .
Preliminary studies using in vacuum annealing however did not improve the samples, on the contrary the resistivity and carrier mobility decreased after the process. As a result, further studies to determine the optimum annealing condition and the difference in measured mobilities for the two fluorine sources are required.
Conclusion
An alternative precursor has been tested as fluorine source for the synthesis of Tin oxide produced using BSF has higher resistivity than those obtained by using NH 4 F. The reason for this is likely to be a lower decomposition or incorporation efficiency of BSF which results in a lower carrier concentration in the samples. Instead, the Hall mobility of samples using BSF is comparable to those of the commercial and independent laboratory samples, indicating that the typical low mobility found for spray pyrolysis grown, untreated FTO is caused by the use of NH 4 F, and not the deposition technique itself. For all investigated FTO samples phonon scattering represents the principal scattering mechanism in the region between 300 K and 200 K, while at lower temperature, scattering by ionized impurities dominates. When NH 4 F was used, instead, scattering due to grain boundaries also contributes to limiting the mobility. 
